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MODULATED MOLECULAR BEAM STUDY OF THE SURFACE MEDIATED
RECOMBINATION REACTION:

O (1,5 eV) +NO+N02

J.B, Cross

Las Alamos National Laboratory

Chemical and Laser Sciences Divisiorl
IAs Alamos, NM 87545

S.L. Koomz
NASA/.Jehnson Space Center

Houston, TX 77058

The surface mediated recombination of hyperthermal ( 1.5 eV) atomic oxygen and NO on
sapphire (A1203) to form N02 has been wdied using mass spectromcrnc detection of

the N02. The signal amplitude at M/c=46 (N02+) is sensitive to the sapphire substriite

temperature (Ts) with the signal maximizing at Ts--30 ‘C and lower at TS-+40imd -55
‘C. Modulation of the hyperthermal atomic oxygen beam produces a modulation in the
NO~ signal which correlates with the ph[~l(mcomponent ot’ the beam and has a time
constant of 0.4 milliseconds over a modulation frequency range of 100-400 Hz at a
substrate temperature of -30 ‘C. It is concluded the! the N02 heat of adsorbtirm on
stipphire is =0.65 CV and photodesorbs from the surface.

A visible glow above Shuttle surfaces fiicing the mm direction (direction of travel)
wiIs first observed on the STS-3 missiorl and reported by [Bunks et al,, 1983). Mcndc
tind coworkers chamcterizcd the glow [Mcnde c1al., 1988 and references there in] which
pcnked iIt 680 nm and comeluted with ~ slightly rcd shifted NOZ spectru. A number (i
authors, [Torr et al,, 1979; Swenscm ct u],, 19N5; Kofsh! ,IIK.I Burrett, 19R61, ttwn
suggested thut recombination of nitrogen mom produced NO with excess O might he the
source of the chemiluminesccnce. Seveml invcstigmors [Arnold et u],, 19X8;Cilldoniti

et :11.,1990] undertook chcmilurninescence Mx)rumry studies of the O+NO c[wtion

n]cdiilted by surfuces f)f nickel, il]lllllirllllll, iltl(! “z~ofi ~llctn~]ii~c m I)ililll USlllg

photomultiplier” tube detectors. Both studies folllld spectr:l ud)ich shOWCd LIUillilil[iVC

:~greenwnt with Shuttle b:uied studies. Wc report hem :1 sIII(lv of the O+NO st}rtil~c
mcdi;mxl recoml)inution”mmxion which uscs m[iss spcc:n)t I I, . ~lrtccti(m ot”the rCilClioll

p~(}d~lCts i~n(j thu~ tnci~;iurcs IIIC SUI\I of rdiil[iv~ ilnd 1111,i .I,ll:ltivc N()~ IIIOICCHIC, +

producct!.



[Cross et al., 1989] having a variable translational energy range of 1-5 eV. This study
used a 10%02 in Argon gas mixture which produced a beam kinetic energy of 1,5 eV
with -90% dissociation into atomic oxygen. While the apparatus has been described in
detail previously [Cross et al., 198S], Figure 1 shows an addition to the primary
apparatus in which a quadruple residual gas analyzer is employed to measure both the
intensity and temporal refile of the direct beim and the surface scattered beam and
reaction products. The &rect beam measurement is made by retracting the solid sample
md swinging the residual gas analyzer into the sample ~sition. The atomic oxygen flux
in this portion of the apparatus which is 1.25 meters from the atomic oxygen source is 2-

5 X 1014 AO/s-cm2. A precision leak valve is used to control the NO partial pressure
(5X 10-7 torr) in the chamber. An average NO flux at the sample surface is estimated to
be -5X 1015 NO/s-cm2. The sample is presently radiation cooled by the liquid nitrogen
shroud with no active temperanm control, though a heater on the sample manipulator is
used to bake and clean the sapphire before coding.

A Vda’J]c speed hysteresis motor is used to drive the molecular beam chopper wheel
while a lamp/photocell combination is used to monitor the chopper frequency and provide
a reference signal for the pulse counting multichannel scaler data acquisition unit. A
photomultiplier tube with a S-20 photocathode and a nanow band pass filter centered at
32(X)A is used to detect the prompt modulated photon signal from the atomic oxygen
source plasma region.

Modulated
Molecular
Beam

Figure 1. Modulntcd beam detector assembly showing the residuul gns
analyzer ion source with the residual gas anidyzer pcrl~etlf!i(illl:wto [hc
figure, A gns doscr consis~ing of o 1/8” tliwnctcr copptII : II. IS ~lilccd J
cm from the sample surface.
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Figure 2 shows the scattered 02 mdtlated signal recorded at 400 Hz (a) and 100
Hz (b) modulation frequencies. In both cases the dashed (----) line shows the fit to the
direct atomic oxygen modulation signal while the solid line is the best fit to the M/e=32
scattcmd signal when the sapphire sample temperatw was -55°C (a) and -24°C (b). Nore
that the modulated scattered signal cotmlates with the atomic oxygen direct beam and not
the photon comprment of the beam. A double exponential (1) was found to fit the data

fit=exp(-t/Tl)+c *exp(t/T2) (1)

where 71 and 72 arc time constants and C/(1 +c) is the fractional component of 72. The

data at 400 Hz in Figure 2a (Ts=-55°C) is fit with c=T2=0 and %1=50vs where as the

data at 100 Hz in Figure 2b (Ts=-24°C) is fit with 71=0.4 ms,M3.5, nd T2=40 ms.
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Figure 2, Scattered modulated 02 fmm Saa lhire at 400 HZ, Ts=-55° C (it)

and 100 Hz, Ts=-24°C (b), 71~=50ps and tib=O.4 ms, Ub=40 ms, and

c=O.5 (see equation 1). The dushed line (---) is the direct atomic oxygen
beam waveform.

Note that two exponentitils me needed to t~r !he low frequency, high tcmpcrnture (.liitit
while only one is needed to fit the high frequency, low temperature dtita, The rtilio of
modulated to DC imcnsity is 0.02 uc400Hz and O.(I9at 100 Hz.

Figure 3 shows the modulutcd data for N02 dcsorbing from silpphire iii -!00 I{z,
Ts=.30 ‘C (a) and 100 Hz, Ts=-55 ‘C (b). A single time cx.mst:m[of 0,4 In!: li[s both

modulation frcqucncics mnking c iln(l ‘c2 c(~ui~l to zero, flc d;lshcd line shows the

In(dultued photon siqnul produced by the atomic oxygcrt rl;l~~l’;l, iNOIC th:l[ [hc N(JO

dcsorption comclutcs with the phomn tn(duliitioil :md not the ;Il[u:lic oxygen nlodul;l[ion
;1sin the C;lseof 02 SCilttCtitlg ill I;igutr 2, Illc rdtio d Illdul:ltcd sigmd [0 Ulltll(N!UlillCd

signal is 0.45 at 4(M)Hz ar,d 062 Ut 100”f-lz, The total itltcnxity (modul~id+lj(’) i~

tempemture dependent and nmximizcs bclween -30 “C to { At -S5 “C il~d +40 ‘)(’
!hc intensity is -20% that of the muximum. Scver:ll tcst~ \\, 1,’~n[ldcto insu~ that the



N02 is not originating from N@ in the NO bottle or from gas phase reactions. First, the
absolute N02 intensity rose by a factor of -3 when NO is introduced into the vacuum
chamber with the ~tomic oxygen beam off as compared to a factor of 30 with the sample
in the atomic oxygen beam Secondly, irradiation of cold sapphire by a 3 eV translational
energy pure argon beam with simultaneous NO dosing produced no measurable signal.
Tlirdiy, removing the sapphire fmm the beam reduced the N02 intensity by a factor of
=30. We conclude from these facts that the N02 is indeed being produced on the
sapphire surface and not else where in the detector systerm
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Figure 3. Modulated N02 resorption from sapphire at 400 Hz, Ts=-30
‘C (a) and 100 Hz, T~=-55 “C (b). Only a single time constant of 0.4 ms
is needed to fit both cases. Note that the dashed line(---) is the direct
beam photon waveform.

The mcxhtlation spectra shown in Figure 2 of 02 scitttcring/resorption indicittc that iI
fairly complicated process is occurring which leads to modulation of the 02. The ratio of
modulated to DC signal as well as the shape of the modulate(i waveform arc u strong
function of chopping frequency, At a high chopping frequency direct process we
Occurnng such us scattering of 02 from the direct beam, while ut u low chopping
frequency recombination und subsequent resorption cun occur. We will not w.ldress
these very interesting phenomena in [his paper but rather concentrate on the NO~
production,

The N02 modulated waveform is describable using only a single exponential which
correlates with the photon component of the beam. That is the clcsorhtion of NO~ fr[m
the surface is independent of when thr :Itomic oxygen strikes [he surface indici~[ing th:~t
the hear of ndsorbtimt is high nnd [hrrcfore the desorbtio I is siow c(mlp;lrcd II) the
modulation frequencies used in this Invcs[igntion. “l”heN02 in[cnsity dots go [() mro
though when the benm is flagged but it takes on the order of 30 seconds for this to (~cur
which is fast compnred to the cooling time for the sumpie (-20 minutes). “i’111$long



desorbtion time constant corresponds to a heat of adsorption of 14.9 kcal/mole (equation
2 [Somorjai. 1972]).

~*S=lO- 12exp[AHaJllT] (2)

The photon induced desorbtion can be caused by either heating of the surface or direct
excitation of the vibrational or electronic modes of N02. Separate investigations using
thin film platinum msistancc thermometers deposited on sapphire substrates indicate that
no more than a 5 ‘C temperature rise due to thcrrd heating would be expected. This
amount of thermal heating is not sufficient to explain the 0.4 ms photon induced
desorbtion time constant. ‘Theeffective temperature required to produce a dcsorbtion time
constant of 0.4 ms with a 14.9 kcal/mole heat of adsorption is 3&OK. This is not an
unreasonable temperature to achive as the photon component of the beam has an
appreciable UV and visible component [Cross, et al., 1989] which would be capable of
exciting internal modes of N02 [Okabc, 1978] resulting in a localized high temperature
region from which N02 could photodesorb. It is also interesting to note that collisional
desorbtion due to 3 eV argon which would correlate with the atomic oxygen modulation
is not observed even though the collision energy is over 4 times the heat of adsorption.

In summary wc have shown through mass spectrometric detection that surface
mediated recombination of O+NO leads to N02 which is bound to sapphire through a
heat of adsorption of 0.65 eV. We have not measured the cxciwd state (visible
luminescence) to ground state ratio but wc have shown that the N02 produced under
these conditions photodesorbs under conditions where the thermally itlll~lcedtemperature
rise of the surface is C5 ‘C which is insufficient to explain the desorbtion. desorb
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